We investigate the main seismotectonic aspects of the Bovec-Krn sequences (northwestern Slovenia), caused by the 1998 April 12 M D 5.6 and the 12 July 2004 M D 5.1 earthquakes. The seismicity occurred along an extended right-lateral strike-slip fault zone, trending NW-SE. The analysis involves the aftershock pattern, the focal mechanism of the largest events and the stress changes induced by the 1998 main shock. The study is performed with high-quality earthquake locations obtained with tomographic techniques that provided also velocity images of the fault zone, related to the mechanical properties of the medium and to the geometry of the fault. The tomographic model shows in the fault zone sharp lateral P-wave velocity contrasts and marked lateral Vp/Vs variations and images an extended high rigidity body along the fault, where the 1998 and 2004 main shocks are located. The aftershock activity is intense along highly heterogeneous zones characterized by sharp variation of Vp and Vp/Vs values. The spatial distribution of the 1998 aftershocks defines sharp vertical planar features consistent with the orientation of the main strike-slip fault while the 2004 aftershock pattern is quite diffuse. The tomographic images and the spatial distribution of the aftershocks indicate a fault zone characterized by branches. The fault plane solutions of the 1998 and 2004 main shocks show evidence of dextral strike-slip motion concordant with the kinematics of the Bovec-Krn fault. The largest aftershocks of both sequences are characterized by different types of focal mechanisms and variable plane orientation. The different focal mechanisms in the fault zone suggest that the mode of fracture of the largest aftershocks can be influenced by the fault strength heterogeneities imaged by the tomographic inversion. The Coulomb stress changes caused by the 1998 main shock was calculated to explore the stress transfer mechanism and the earthquake interactions. A positive correlation of the Coulomb stress increase is found with the largest aftershock (M D 4.6) and with a part of the aftershocks. Our modelling shows also that the Coulomb stress changes caused by the 1998 main shock and its largest aftershock were not sufficient to trigger the 2004 main shock. The locations of the 1998 and 2004 sequences correlate well with areas of increased Coulomb stress changes when the regional tectonic loading is considered.
The spatial pattern of the aftershocks appears related to the redistribution of local stresses following the main shock faulting. Many studies regarding seismic sequences (Michael 1987; Hauksson 1994; Eberhart-Phillips & Michael 1998 and many others) evidence a complex pattern of faulting, as resulting from various focal mechanisms and the spatial occurrence of aftershocks, indicating a heterogeneous post-main shock stress field. Some authors (Foxall et al. 1993; Bohnhoff et al. 2006 ) emphasized the role played by lithological heterogeneity and structural complexity of the fault zone in the generation of heterogeneous stresses, causing the variability of aftershock focal mechanisms. Zhao & Kanamori (1993) related the occurrence and the spatial pattern of the aftershocks to the crustal material heterogeneities.
The purpose of this paper is to investigate the spatial trends of the 1998 and 2004 largest aftershocks, the main aspects of the faulting pattern of the sequences and how the occurrence of the M D 5.6 1998 earthquake affected the stress field in neighbouring areas.
The analysis of these aspects needs highly accurate earthquake locations that can be obtained by local earthquake tomography (Thurber 1983; Eberhart-Phillips 1986) , that provides in addition velocity images of the fault zone. Since the tomographic images reflect the physical conditions of the medium, the inferred velocity pattern can be used to resolve the geometry of the faults and to investigate the variations in the material properties along the fault zones that can influence the seismicity patterns.
In this study, we apply seismic tomography to image 3-D Vp and Vp/Vs structures in the source area of the 1998 and 2004 sequences from arrival time data recorded by permanent and temporal seismic stations. The spatial pattern of the 1998 and 2004 aftershocks is investigated to provide information about the cluster characters and the geometrical features of the sequences. The focal mechanisms of major earthquakes were computed to analyse the main aspects of faulting pattern occurred during the sequences.
The analysis of the Coulomb stress changes caused by large earthquakes (King et al. 1994; Nostro et al. 1997; Toda et al. 1998; Perfettini et al. 1999; Cocco et al. 2000; King & Cocco 2001; Lin & Stein 2004; Miller et al. 2004 ) has been widely used to investigate the stress transfer and earthquake interaction. These studies have demonstrated that the coseismic dislocation can modify the occurrence of subsequent events near to the critical state of failure and the spatial-temporal distribution of the aftershocks in the surrounding regions. Failure is promoted in regions of Coulomb stress increase and is inhibited where the Coulomb stress decreases. Since the absolute values of stress of an area are generally not known, the method has the advantage of using static stress changes that can be computed from information about the geometry of an earthquake rupture.
In this paper, we calculate the static stress change due to the 1998 main shock to examine the correlation with the 1998 aftershock locations and to determine whether it was likely to have triggered the 2004 main shock.
T E C T O N I C S E T T I N G
The outcropping geological units of the study area consist mainly of sedimentary rocks of Triassic to Cretaceous age, formed in the palaeogeographic domains of platform and basin (Buser 1987; Sartorio et al. 1987; Placer 1996) . The Slovenian basin, located in the central part of the study area and oriented about NW-SE, was bounded between the Julian carbonate platform to the north and the Dinaric carbonate platform to the south. This palaeogeographic environment lasted from Triassic to the end of Cretaceous age, with low intensity episodes of vertical movements.
The top of the Palaeozoic basement, mainly made up of sandstones, marls, limestones and conglomerates, is located at about 8-10 km depth (Aljinović & Blasković 1984) . The Palaeozoic units are overlain by Triassic rocks, mainly composed of platform limestones, dolomitic limestones, marls and sandstones. They are intercalated with tuffs, keratophyres and porphyrites, produced during the middle Triassic volcanic activity. The Jurassic and Cretaceous rocks are mainly made up of platform limestones, limestones with chert, intercalated with marls and calcarenites. The Cenozoic Flysch ends the stratigraphic column.
The tectonic framework of the area results from the superposition of two main tectonic phases (Venturini 1991; Placer 1996) . The geological units were folded and overlapped by the NE-SW trending compression of the Eocene times (Dinaric tectonic phase) that produced mainly NW-SE oriented, SW verging thrusts. The following N-S trending compression of middle Miocene-earliest Pliocene (Alpine tectonic phase) generated extended strike-slip faults.
The dominant seismogenic tectonic structure of the study area is the so-called Bovec-Krn fault, a near-vertical dextral strike-slip fault, about NW-SE oriented (Fig. 1) . The recorded seismicity in the last 30 yr by the OGS Friuli-Venezia Giulia network and by the seismic network of the Seismological Survey of Slovenia mainly consists of the cluster of aftershocks that followed the 1988 April 12 main shock (M D 5.6) and the 2004 July 12 main shock (M D 5.1). No significant historic earthquakes are documented for this zone.
T O M O G R A P H I C I N V E R S I O N
The 3-D Vp and Vp/Vs model of the upper crust of the study area are computed with the algorithm SIMULPS provided by Evans et al. (1994) , which is based on the Thurber's (1983) method of joint inversion for hypocentres and 3-D velocity structure from local earthquakes. The method uses an initial model of 1-D velocity structure that is assigned to the nodes of a 3-D grid. The technique consists of the inversion of P and S arrival times for earthquake location, Vp and Vp/Vs variations. The velocity perturbations at any point in the grid are calculated with an interactive procedure, solving for hypocentre location and calculating the velocity of the medium, with a damped least-squares approach. The traveltimes from hypocentre to station are calculated with the method of Um & Thurber (1987) .
The data set consists of 376 earthquakes (Figs 2a and b ), initially located with the HYPO71 program (Lee & Lahr, 1975) , in the area between 46
• 00 and 46
• 40 Lat. N and 13
• 15 and 14
• 00 Long. E, from 1994 to 2006, with M D ranging from 1.9 to 5.6 and the largest azimuthal separation between stations (GAP) less than 180
• . Most of data consists of the 1998 aftershock sequence triggered by the April 12 main shock with M D 5.6 and the 2004 aftershock sequence, triggered by the July 12 main shock with M D 5.1. We selected the aftershocks with best-constrained location by the arrival times of locally temporary stations and with the largest magnitude. In this way, the 1998 sequence includes 168 events with M D ranging from 2.4 to 4.6 (the largest aftershock) and the 2004 sequence includes 90 events with M D ranging from 2.2 to 3.6 (the largest aftershock). The initial depth of the 1998 sequence events does not exceed 10 km. Only eight earthquakes have focal depth between 10 and 15 km. The earthquakes of the 2004 sequence are characterized by focal depth between 4 and 9 km. All the other events, most of them off the Bovec-Krn fault, has initial focal depths between 4.0 and 14.0 km.
The grid adopted in this study is oriented to align the X -axis approximately with the surface trace of the Bovec-Krn strike-slip fault (Fig. 1) . The grid extends 55 km in the NW-SE direction (NW-SE grid nodes at X = −25.0, −15.0, −10.0, −7.5, −5.0, −2.5, 0.0, 2. 5, 5.0, 7.5, 10.0, 15.0, 20.0 and 30.0 km) and 55 km in the NE-SW direction (SW-NE grid nodes at Y = −30.0, −20.0, −12.5, −7.5, −5.0, −2.5, 0.0, 2.5, 5.0, 7.5, 12.5 and 25.0 km). X is positive to the southeast, Y is positive to the northeast. The depth grid spacing is Z = 0, 2, 4, 6, 8, 10, 12, 15, 22 km. The layer at negative 2 km depth has been included to account for the Earth's topography. The horizontal mesh of the grid is finer in the central part to give an approximately homogeneous ray coverage within the blocks.
The inversion was performed with the arrival times of P and S waves from the seismograms recorded by eight digital shortperiod seismic stations of the Istituto Nazionale di Oceanografia e Geofisica Sperimentale (OGS) regional network, with sampling rate of 62.5 sps and by four broad-band stations of the seismological survey of Slovenia, with sampling rate of 200 sps. We also used the arrival times of the 1998 and 2004 aftershocks, recorded by locally temporary stations, all characterized by a sampling rate of 125 sps. The aftershock activity of the 1998 sequence was monitored by six broad-band and four strong motion stations (Zivcic et al. 2000; Bajc et al. 2001) . P-and S-wave arrival times were picked on the 2004 waveforms recorded by five strong motion stations and one shortperiod stations of the Seismological Survey of Slovenia, provided by Zivcic (personal communication) and by two short-period stations Thurber (1993) and Eberhart-Phillips & Reyners (1997) in cases such as ours where the estimation of the S-phase arrivals is slightly less accurate than the P-phase arrivals and the S-wave data are fewer in number than the P-wave data. Vp/Vs models inferred from direct inversion of S-velocity model, when S wave data are of poorer quality than the P data, are mainly controlled by the perturbation of Vp. Faithful images of significant Vp/Vs variations, instead, can be obtained from the direct inversion of 3-D Vp/Vs values. According to Thurber & Atre (1993) , this approach has some advantages when variations in Vp/Vs are used to investigate geological structure and mechanical properties. This procedure was used also for modelling the crustal seismic properties from active sources along seismic arrays (Mjelde et al. 2003) .
The 1-D Vp and Vp/Vs starting models for the tomographic inversion (Table 1) have been defined taking into account the crustal P-wave velocity profile of Brűckl et al. (2007) crossing the BovecKrn area, the 3-D Vp and Vp/Vs images obtained by Gentile et al. (2000) in the eastern part of the Friuli-Venezia Giulia region and in the western part of the Bovec-krn area, and the data obtained from laboratory measurements (Faccenda et al. 2007 ) on similar lithologies of the upper crust of the study area. Brűckl et al. (2007) , calculated the crustal P-wave velocity from data recorded by large active source seismic refraction and wideangle reflection experiments. They obtained the seismic cross sections of the litosphere with ray tracing techniques and synthetic seismograms. They found that the upper crust of the study area is characterized by a transition from layers characterized by Vp about 5.9-6.0 km s -1 to a high velocity body with Vp of about 6.3 km s -1 at 5-6 km depth. The velocity decreases below this depth. The high velocity body corresponds to the megatectonic unit of the Dinaric carbonatic platform (Placer 1996) , partly overlain by a skin cover of Flysch sediments and mainly composed of massive limestones, dolomitic rocks and bedded limestones from Triassic to Palaeocene times.
We considered the tomographic images of the upper crust (0-10 km) obtained by Gentile et al. (2000) in the eastern Friuli area and western Slovenia, where the inversion grid is overlapped with the grid of the present inversion. The derivation of the 1-D starting velocity model for the upper layers is supported by the similarity of the litostratigraphic sequences of the Bovec-Krn study area and of the eastern part of the Friuli area. The geology of the Bovec-Krn area is mainly characterized by Permo-Mesozoic limestones and carbonatic rocks. So, for the initial velocity model we took into account also the compressional and shear wave velocities obtained from laboratory measurements (Faccenda et al., 2007) on rock samples representative of these predominant lithologies. In short, the starting velocity model has been defined by considering the model of Brűckl et al. (2007) for the large-scale discontinuities in the crustal velocity structure, the tomographic images of Gentile et al. (2000) for the upper layers (0-10 km) and the laboratory data for the calibration of Vp and Vp/Vs values.
The Vp data are inverted using damping 5.0, selected according to the method of Eberhart-Phillips (1986) . The uneven distribution of both the seismic stations and the events in the study area and the different recording periods of the locally temporary stations impose limitations on the quality and the accuracy of the obtained anomalies. The reliability of the tomographic images depends on the resolution at the nodes of the grid (RES) provided by the diagonal elements of the resolution matrix. The resolution is controlled by the station coverage, earthquake distribution, node spacing and damping parameter. Another useful parameter for quantifying the resolution is the derivative weight sum (DWS), that is an average relative measure of the density of rays near a grid node (Toomey & Foulger 1989) . Large DWS values indicate high ray density. The resolution of a well-resolved node should be peaked without meaningful contribution from nodes not adjacent (Eberhart-Phillips & Reyners 1997) . The spread function (SF) as defined by Michelini & McEvilly (1991) is a succinct way of analysing the resolution and indicates how strong and peaked the resolution is for a node.
The patterns of RES, DWS, SF are shown in The resolution of the 3-D Vp model, as resulting from the pattern of the diagonal elements of the matrix resolution, the spread function and the derivative weight sum, is not homogeneous, depending on the ray density and the station coverage. The resolution appears patchy with well-resolved nodes only at some depths in the central part and in SW quadrant of the grid. The resolution pattern of the 3-D Vp/Vs model appears quite similar.
Since our study is focussed to the Bovec-Krn fault zone and the neighbouring areas affected by the 1998 and 2004 sequences, we consider the resolution pattern in the central part of the grid. The following values of SF, defined by Reyners et al. (2006) , are taken to evaluate the reliability of the Vp and Vp/Vs images. The model Vp or Vp/Vs is considered representative of the volume between the node and the adjacent nodes if the spread function is less than 2.5. The nodes characterized by SF values between 2.5 and 3.0 can have acceptable resolution, but the velocity may be averaging a larger volume. SF values between 3.0 and 3.75 characterize nodes with meaningful velocity patterns, but the size of the velocity variations may be smaller than the actual velocity heterogeneity. Nodes with little or no information show higher SF values.
Well resolved nodes are characterized by values of RES greater than 0.3. Generally, the variations within the Vp and Vp/Vs models become uniformly large for DWS greater than 300. The resolution diagonal element of 0.1 fall within the areas characterized by DWS greater than 300. Therefore, in addition, we use regions with RES > 0.1, DWS > 300 and SF < 3.0 to define the resolution boundaries of the velocity model for interpretation purposes. The resolution at 0 km depth is poor because of poor density of earthquake ray paths. The central part of the grid appears best resolved at 4 and 6 km depth, while the resolution is fair at 2 km depth and poor at 8 km depth. The layer at 10 km depth is not resolved.
The analysis of the tomographic images and the seismicity distribution involving the Bovec-Krn fault zone is performed in the central part of the grid, with Y distance between −5.0 and +5.0 km and X distance between −7.5 and +7.5 km, down to 8 km depth.
T O M O G R A P H I C I M A G E S A N D S E I S M I C I T Y
The Vp and Vp/Vs tomographic images are displayed as vertical sections across the fault zone (Figs 11a, b and 12a, b) and partly along it (Figs 13a and b) .
The pattern of Vp and Vp/Vs anomalies is characterized by marked lateral and depth variations, related to the lithologic inhomogeneities and the degree of fracturing. In particular, the most important seismic structure (Figs 13a and b) appears to be a high rigidity body in comparison with the surroundings, characterized by P-wave velocity range of 6.2-6.8 km s -1 and by Vp/Vs values varying from 1.72 to 1.90. The velocity structure image can be associated to a rock mass of prevailing platform limestones and dolomitic limestones. We relate the variation of Vp/Vs values to the degree of fracturing and hence to the brittleness.
The reliability of the 3-D velocity has been evaluated in the previous paragraph through some resolution tests. Further tests to analyse the resolution of the tomographic images, characterized by marked heterogeneity, are synthetic data tests that mimic the velocity structures obtained and gives indications on the resolving power of the tomographic inversion. We computed a synthetic test where we represented the high velocity body, imaged by the tomographic inversion in the Bovec-Krn fault zone, with strong lateral Vp changes. We added random noise of ±0.05 s to synthetic travel times that are inverted with hypocentral locations held fixed and using the same events and stations as in the actual data. Figs 14(a) and (b) shows the input and the output of the synthetic test performed along the sections X = 0 of the tomographic grid (G-H in . By comparing also with the velocity structure calculated from the inversion of the real data (Figs 11-13), we observe that generally the synthetic test confirms the other resolution tests about the extent of the interpreted region. The high velocity body appears a little different at 8 km depth along the Y = 0 section (Fig. 15b) , owing to the low resolution at this depth.
We relate the P-wave velocities ranging from 6.0 to 6.8 km s -1 and Vp/Vs values between 1.72 and 1.84 to platform limestones and dolomitic limestones. The dolomitic rocks are characterized by the highest P-wave velocities (Faccenda et al. 2007 ). The chert limestones and the other limestones of Jurassic and Cretaceous age can be related to the range of P-wave velocities 5.5-6.4 km s -1 and Vp/Vs values 1.78-1.86 (Gentile et al. 2000) . Sandstones, marls, in general clastic and terrigenous deposits can be characterized by Vp range 4.8-5.8 km s -1 , with Vp/Vs range 1.71-1.90 (Domenico 1984) .
Few grid points at 0-2 km depth contain low Vp/Vs ratios varying from 1.61 to 1.69, associated to Vp range 4.9-5.8 km s -1 . Low Vp/Vs values, generally caused by low Vp values and high Vs values are not unusual in the upper crust (Hauksson 2000; Kurashimo & Hirata 2004; Bannister et al. 2006) . The Vp/Vs ratio seems to be particularly sensitive to the content of quartz (Domenico 1984) . Values of Vp/Vs ratio ranging from 1.67 to 1.75 were attributed by Mjelde et al. (2003) both to sedimentary rocks with sand/shale ratio relatively high and to a crystalline basement. Low Vp/Vs ratios as 1.63 associated to seismicity, were explained by Powell et al. (2006) by highly fractured and fluid saturated rocks with high pore pressure. A significant aspect of the study of Lin et al. (2007) is the occurrence of seismicity in regions with relatively low Vp/Vs ratio (1.70-1.71).
The low Vp/Vs values found could be actually attributed to sandstones and clastic rocks with high pore pressure, but there are no reliable data about crustal fluids in this area that can support this explanation. So, considering the resolution tests, our favoured explanation is that the low Vp/Vs values are probably due to artefacts in the velocity inversion, because of the resolution differences in the P-and S-velocity solutions.
The tomographic images reflect the physical conditions of the medium that are directly related to the geometry and the strength of the fault. The tomographic images of the across-fault sections (Figs 11a, b and Figs 12a, b) generally show that the fault zone is characterized by sharp lateral P wave velocity contrasts and by marked lateral Vp/Vs variations. As shown by Pickett (1963) , the Vp/Vs ratio is sensitive to the rock lithology. However, we believe that the heterogeneous pattern of Vp/Vs values is partly due to the variations in lithology. It is well known that the Vp/Vs ratio is sensitive to the presence of cracks and to the fluid pressure (O'Connell and Budiansky 1974; Tatham 1982) . The complex pattern of the across-fault Vp/Vs images suggest that the fault zone can be characterized by branching and bending. It is well recognized that the faults are structurally highly heterogeneous (Caine et al. 1996) . Their complex geometry (Cox & Scholz 1988) does not allow their (Figs 13a and b) . The 1998 aftershock activity appear to be intense in highly heterogeneous zones imaged by tomographic inversion. Most of the aftershocks are located along high Vp anomaly gradients and sharp Vp/Vs variations. The 1998 aftershock distribution (Figs 11a and b) in general is consistent with a near-vertical to steeply NE dipping fault zone with most of the earthquakes located between 2 and 6 km depth. In some cases the pattern of seismicity suggests sets of secondary subvertical planar features.
The hypocentre of the 2004 main shock (M D 5.1) is located close to the 1998 (Fig. 13b ) main shock hypocentre in an area less affected by the 1998 aftershock distribution. The 2004 aftershock spatial pattern contains the suggestion of diffuse planes, around the main fault, where the earthquakes are located (Figs 12a and b) . The events appear to be clustered at depth between 4 and 6 km and similarly to the 1998 aftershocks, they are mainly located along sharp Vp and Vp/Vs variations.
S PAT I A L PAT T E R N O F T H E A F T E R S H O C K S
The spatial distribution of the 1998 and 2004 aftershock sequences is analysed, using time-successive events, to infer the orientations of planes fitting through earthquake foci and to investigate the spatial seismicity trends.
The method is based on the calculation of the scatter matrix of the coordinates of a cluster of events from their centroid (Ebblin & Michelini 1986 ).
For a set of mhypocentres, the centroid x i is calculated
with i = 1,2,3 spatial coordinates (latitude, longitude and depth) of the kth event. Then, the scatter matrix of the coordinates of the m events is calculated
The matrix represents a spatial ellipsoid fitted through the earthquake foci. The eigenvectors of the matrix give the spatial orientation of the axes of the ellipsoid and the lengths of the semi-axes are the square roots of the eigenvalues. T 1 , T 2 , T 3 , are respectively the eigenvalues of the maximum, intermediate and minimum axis; U 1 , U 2 , U 3 are the corresponding eigenvectors. The plane of the ellipsoid normal to the smallest eigenvector U 3 is the plane with the best fit of earthquake foci. The procedure here adopted consists of the following steps.
1. The aftershocks are arranged in temporal order. 2. A time window of width m is sliding along the n aftershocks giving n − m + 1 sets 3. For each set of m events, all the combinations of p hypocentres, with minimum p = 4 events at time, are taken to give 
4. For each combination, the centroid and the scatter matrix of the coordinates are calculated. The ellipsoids with T 1 / T 3 (eigenvalues of maximum and minimum axes) greater than or equal to 2.5 and T 1 / T 2 ≥ 1 are selected, with the percentage of earthquakes for each ellipsoid. These values are chosen in order to avoid poorlydetermined eigenvectors, that is ellipsoids similar to spheres and to obtain solutions with hypocentre that tend to be coplanar. So, we adopted the threshold value of T 1 /T 3 , according to Ebblin and Michelini (1986) and we set the minimum value of T 1 /T 2 after repeated trials.
5. The ellipsoids with 90 per cent of earthquakes are finally selected. It is a further condition for selecting ellipsoids with a significant majority of hypocentres that tend to be coplanar.
6. The eigenvector U 3 , that represents the pole of the best-fitting plane of the hypocentres, is plotted on a lower hemisphere equal area projection.
The width of the sliding window (optimal window width) of the aftershock sequences is chosen according to the procedure of Ebblin & Michelini (1986) . The average ratio between the intermediate and the smallest eigenvalues of the scatter matrice is calculated for a series of m (window width) successive earthquakes. The smallest value for which the ratio is nearly equal to a constant value is chosen as the optimal value of the window width. The optimal window width consists of 40 events for the 1998 sequence (total aftershocks 167) and of 10 events for the 2004 sequence (total aftershocks 89).
In the 1998 sequence, the selected ellipsoids are 99 with T 1 /T 3 ranging from 3.0 to 5.7 and T 1 /T 2 ranging from 1.1 to 3.3. The eigenvectors U 3 obtained for the 1998 sequence are shown in Fig. 16 . The smallest eigenvectors are characterized by strong clusters in the NE and SW quadrants, related to a group of subvertical planes about NW-SE oriented, consistent with the orientation of the Bovec-Krn fault zone. The averaging effect caused by the increasing window width is illustrated. Small windows cause the spread of the eigenvectors because of small number of earthquakes while large windows produce a concentration of the eigenvectors in certain directions because of averaging a large number of events. The orientations of the U 3 axes obtained with the estimated optimal width (m = 10) reveal different patterns of the space-time evolution of the sequence. The corresponding ellipsoids are 38 with T 1 /T 3 ranging from 2.6 to 7.8 and T 1 /T 2 varying from 1.1 to 4.5. Small clusters are recognized in the SW and NW quadrants, but generally the U 3 axis orientations are widespread. No axes are detected in the SE quadrant. By increasing the sliding window, small clusters appear in the SW quadrant, but without a clear predominant trend. In summary, the pattern of seismicity revealed by the analysis appears more regular in the case of the 1998 sequence, with the aftershocks mainly located on subvertical planes, about NW-SE oriented. The 2004 aftershock pattern appears characterized by more diffuse planar structures where the earthquakes tend to locate.
F O C A L M E C H A N I S M S
The fault-plane solutions of major earthquakes of the 1998 and 2004 sequences (Figs 18 and 19 , respectively) were computed using the P-wave first motion according to the method of Whitcomb (1973) . The procedure determines the focal mechanism that minimizes the number of first motion polarities in error, by testing a grid of trial mechanisms with a resolution of 5
• . A linear function tapers the polarities from zero to unity within a distance of 3
• from the nodal plane. We used the polarities of seismograms recorded by the OGS regional seismic network and by the seismic network of the Seismological Survey of Slovenia. The data of seismic stations outside the Friuli-Venezia Giulia region and the Slovenia country were obtained from the Bulletin of the International Seismological Centre (ISC 2008) . The focal mechanisms were classified according to Zoback (1992) . The parameters of the focal mechanisms are shown in Tables 2 and 3. Most of the focal mechanisms were calculated using more than 25 polarities and are characterized by more than 80 per cent polarities in agreement with the solution obtained. A standard deviation of 12
• has been estimated for the focal mechanism parameters (strike, dip and rake), as measure of uncertainty. These values have been evaluated taking into consideration the set of solutions that maintains the same number of first motion polarities in error as the adopted solution (Whitcomb, 1973) .
The focal mechanism of the 1998 main shock (Fig. 18) is consistent with the large-scale orientation and sense of slip of the BovecKrn fault and is very similar to the mechanism elaborated by Bajc et al. (2001) . The aftershocks are characterized by different type of focal mechanism and different plane orientation. Most of the aftershocks are characterized by reverse and normal motion. Only few mechanisms are consistent with the strike-slip mechanisms of the main shock.
The focal mechanism of the 2004 main shock (Fig. 19) is quite similar to that one of the 1998 main shock and is also related to the dextral strike-slip motion of the Bovec-Krn fault. The fault plane solution agrees quite well with the moment tensor solution obtained by Saraò (2006) . Prevailing reverse mechanisms are observed among the major aftershocks. Only few mechanisms are consistent with the mechanism of the main shock. Also in this case, the fault plane solutions are characterized by variable nodal plane orientations.
By summarizing, the focal mechanisms of the 1998 and 2004 sequences reveal common features. The main shocks are similar and consistent with large-scale orientation and sense of motion of the Bovec-Krn strike-slip fault. The aftershocks of both sequences are characterized by wide types of fault plane solutions and different plane orientations. Only few mechanisms are consistent with the mechanism of main shock faulting. No systematic spatial or temporal pattern of the aftershock focal mechanisms is recognized and many mechanisms appear not related to any already known active fault.
C O U L O M B S T R E S S C H A N G E S
The stress changes are calculated using elastic dislocations in a homogeneous and isotropic half-space following Okada (1992) .
The static stress changes in the Coulomb failure criterion are defined as
where τ is the shear stress change, μ is the friction coefficient, σ n is the change in normal stress (positive for extension) and P is the change in pore pressure.
The pore pressure change P can be expressed as:
where σ kk is the volumetric stress change and B is the Skempton's coefficient, that theoretically ranges from 0 for dry soil to 1 for fully saturated soil (Roeloffs 1988) . Under the assumption that fault zone materials (Rice 1992 , Harris 1998 ) are more ductile than the surrounding materials, σ kk 3 ∼ = σ n , and the eq. (4) may be rewritten as:
where μ = μ(1 − B) is the effective coefficient of friction with a range 0.0-0.8 (King et al. 1994; Harris 1998) . A reliable estimate of fault geometry and slip distribution are fundamental for the stress transfer calculations. Generally, a positive correlation between failure and areas of stress increase is observed. In this study, the static stress changes caused by the 1998 main shock are calculated for a stress-free elastic medium, with constant slip distribution. We use a Poisson's ratio of 0.25 and a shear modulus of 3 × 10 4 MPa. A coefficient of friction 0.8 and a Skempton coefficient 0.47 are assumed. The 1998 main rupture is approximated by a rectangular fault 10 km long and 6 km wide with strike 312
• , dip 79
• , rake 177
• , as resulting from the focal mechanism. The top is placed at 2 km depth. The fault dimension is consistent with the location of the 1998 aftershocks and with the relationships of Wells & Coppersmith (1994) . The seismic moment is 4.5 × 10 17 Nm (Bajc et al. 2001) . The mean slip on fault plane, calculated with the empirical relations of Kanamori & Anderson (1975) , is 0.25 m. Fig. 20 shows the Coulomb stress variations caused by the 1998 main shock (M D 5.6) on the thrust plane of the largest aftershock (M D 4.6, n.12 in Table 2 ) of the sequence, on a horizontal map at 3.0 km depth and on vertical cross section perpendicular to the fault plane. The thrust fault is striking 245
• , dipping 39
• with rake 
52
• . The Coulomb stress increases in the area where the M D 4.6 aftershock is located.
The modelling of the stress induced by the 1998 main shock, as shown in the vertical cross-section (Fig. 20) , evidences that only a part of the aftershocks are correlated with the region of increased static stress changes.
We calculated the Coulomb stress changes caused by the main shock and the largest aftershock of the 1998 sequence on the rupture plane of the 2004 main shock (M D 5.1). The orientation of the 2004 rupture fault is the same of the 1998 main shock. The Coulomb stress decreases in the area where the 2004 main shock and its aftershocks are located (Fig. 21) , indicating that the stress changes caused by the 1998 events were not sufficient to promote the 2004 seismicity.
As evidenced by King & Cocco (2001) , the modelling is mostly sensitive to the regional stress direction and therefore we include in the computation of CFF the effect of the regional stress field. The regional stress field acting in this area (Bressan et al. 2003) is characterized by a strike-slip regime with maximum principal stress striking 351
• and plunging 4
• , intermediate principal stress 240
• oriented with plunge 78
• and minimum principal stress with azimuth 82
• and plunge 11
• . The amplitude of the regional stress field is assumed to be 15 bars (Perniola et al. 2004) . Fig. 22 shows the Coulomb stress changes caused by the 1998 main shock and resolved on the fault plane of the largest aftershock, taking into account the regional stress field. The areas of Coulomb stress increase correlate better with the aftershock distribution. The same effect is found when the regional tectonic stress is included in the computation of the static stress changes caused by the 1998 main shock and the largest aftershock on the rupture plane of the 2004 main shock (Fig. 23) . The positive stress variations are well correlated with the occurrence of the 2004 main shock and its Table 2 , with coda-duration magnitude in parentheses and focal depth marked with bold character. Other symbols as in Fig. 1. aftershocks. So, for investigating the aftershock distribution of the 1998 and 2004 sequences, the contribution of the regional stress has to be taken into account.
D I S C U S S I O N A N D C O N C L U S I O N S
The tomographic images of the Bovec-Krn fault, where the 1998 April 12 M D 5.6 and the 2004 July 12 M D 5.1 events occurred suggest that the fault zone is characterized by mechanical heterogeneities. Since wave velocities are influenced by the mechanical properties, the tomographic images provide some measure of the rock hardness and are related to the geometry of the fault.
The across-fault tomographic images (Figs 11 and 12 ) are characterized by sharp lateral P-wave velocity contrasts and by marked lateral Vp/Vs variations. The along-strike heterogeneous pattern of Vp and Vp/Vs values (Fig. 13) reflects variations in strength along the fault. The 1998 and the 2004 main shocks are located inside a high velocity body, characterized by P-wave velocity range of 6.2-6.8 km s -1 and by Vp/Vs values varying from 1.72 to 1.90, associated to rocks of prevailing platform and dolomitic limestones. We relate the variation of Vp/Vs values to the degree of fracturing. The hypocentre of the 2004 main shock is located close to the 1998 main shock hypocentre in an area less affected by the 1998 aftershocks. Both the sets of aftershocks tend to locate along sharp Vp and Vp/Vs variations. We recall that the analysis has regarded the largest aftershocks of the sequences, that is, events with M D ≥ 2.4 for the 1998 sequence and with M D ≥ 2.2 for the 2004 sequence. The across-fault tomographic images and the aftershock patterns suggest that the main fault zone is characterized by branching and minor splay faults.
The analysis of the seismicity pattern, based on the scatter matrix of the coordinates of a cluster of events from their centroid, reveals that the 1998 aftershocks form trails delineating subvertical planes similarly oriented to the Bovec-Krn fault zone (Fig. 16) . The 2004 aftershocks form, instead, a diffuse cloud with several planar structures without a clear predominant trend (Fig. 17) According to Scholz (1990) , earthquakes in a sequence are not independent and the aftershocks result from the stress readjustment following the main shock rupture. The variations in strength and density of fractures of a fault zone play a significant role in the generation and the evolution of the aftershock sequence, in response to the stress step induced by the main shock. Mechanical heterogeneities can cause different loading states along the fault zone and the variation of porosity caused by different density of fractures can favour fluid diffusion and, hence, variation in the normal stress, that is effective as an increase in shear stress in the initiation of failure. Zoback (1992) : NF: normal faulting, NS: predominately normal faulting with strike-slip component, SS: strike-slip faulting, TS: predominately thrust faulting with strike-slip component, TF: thrust faulting. Np is the polarity number used for elaborating the focal mechanisms. Sc (score) is the ratio between the number of polarities in agreement with the solution and total polarity number. Notes: Symbols are as in Table 2 .
The large variability of the aftershock focal mechanisms suggests strain partitioning and variations in the local stress field along the Bovec-Krn fault zone. Foxall et al. (1993) pointed out that lithological heterogeneity in the fault zone causes variations in strength and frictional properties. They related the variety of aftershock focal mechanisms of the 1989 M S 7.1 Loma Prieta earthquake to the heterogeneous stress field following the main shock, resulting from the interaction between the stresses induced and the presence of strength heterogeneities. Bohnhoff et al. (2006) investigated the aftershock focal mechanisms of the M W 7.4 Izmit earthquake, occurred in 1999 on the North Anatolian fault zone. They observed rotations of the local stresses following the main shock and explained the large variability of the fault plane solutions of small aftershocks as caused by small-scale structural complexity of the main fault.
The variable focal mechanisms of the 1998 and 2004 aftershocks are interpreted as resulting from the interaction between the stress field generated by the main shock and the variations of strength revealed by the tomographic images. The mechanical heterogeneities can have caused different loading states and stress rotation in the fault zone in response to the stress induced by the main shocks, with the activation of optimally oriented secondary faults.
The rotation of the stress field due to the main rupture generates heterogeneous stresses (Michael 1987; Hauksson 1994) and affect the spatial pattern of the aftershocks. The mechanism of this process has been described by Chatterjee & Mukhopadhyay (2002) and Faulkner et al. (2006) . Chatterjee & Mukhopadhyay (2002) investigated the interactive effect between applied stress in the direction of maximum horizontal compressive stress (S H ) and the variations in rock mechanical properties in the Mahanadi Basin (India) with finite Table 3 , with coda-duration magnitude in parentheses and focal depth marked with bold character. Other symbols as in Fig. 1 . element modelling. They found that the rock mechanical discontinuities at the layer interfaces cause rotation of the stress orientation and the maximum rotation of stress occurs where greater is the contrast in rock elastic moduli. Faulkner et al. (2006) showed that the stress rotation occurs within the fractured damage zone surrounding faults and that the stresses are modified and rotated according to the change in elastic properties of the damaged material.
We explored how the M D 5.6 1998 main shock has perturbed the stress field in its neighbourhood and its influence on triggering the aftershocks and the following M D 5.1 2004 earthquake. The analysis was performed by calculating the Coulomb stress changes ( CFF). The static stress changes caused by the 1998 main shock and resolved on the thrust plane of the largest aftershock (M D 4.6) shows that the hypocentre is located where CFF is positive (Fig. 20) . Only a part of the aftershocks are located in areas of increasing Coulomb failure stress. The Coulomb stress changes caused by the 1998 main shock and its largest aftershock, resolved on the fault plane of the 2004 main shock, are negative in the area where the 2004 main shock and its aftershocks are located (Fig. 21) .
The pattern changes when the effect of the regional stress field is considered. We found a correspondence between positive stress changes induced by the 1998 main shock and the 1998 aftershock locations (Fig. 22) . Therefore, the distribution of failure stress around the Bovec-Krn fault appears to be controlled by both the 1998 main shock stress change and the regional stress field. In addition, the spatial pattern of the 2004 sequence correlates well with the areas of increased Coulomb stress (Fig. 23) , evidencing that the influence of regional tectonic loading is crucial also for triggering the 2004 sequence. These results suggest that the Bovec-Krn fault was sufficiently close to the failure state due to the regional tectonic loading Table 2 ) on the fault plane associated with the M D 4.6, 1998 aftershock (n. 12 in Table 2 ). Map view at 3 km depth and vertical cross-section perpendicular to the fault strike of event 12 (star). The 1998 aftershocks are marked by diamonds. The focal mechanisms of the two events are also shown, with coda-duration magnitude in parentheses. and the total stress given by the stress perturbation of the 1998 main shock and the regional stress field promoted the 1998 aftershocks and the 2004 seismicity pattern.
It should be pointed out that the total stress accumulation cannot be deduced and only a variation in coseismic stress is known. This enhancement of the stresses at the fault could be sufficiently close to the failure state. So, a positive increase of Coulomb stress changes represents a required condition, but not sufficient for triggering another earthquake.
Thus, care must be taken in investigating the correlation between the aftershock distribution and the Coulomb stress changes. As an example, the simple interpretation that a positive or negative value of CFF moves a fault towards or away from failure, does not explain the delay time observed between main shocks and their aftershocks. The temporal pattern of the aftershocks appears related to the time dependent process of pore fluid flow. This aspect is not treated in this paper because of lacking reliable data about crustal fluids in the investigated area, but it deserves a short comment about the influence on Coulomb stress modelling. Bosl & Nur (2002) investigated the aftershocks and pore fluid diffusion following the 1992, M 7.3 Landers earthquake. Their model considers that, after an earthquake, the fluid initially resists the stress in the crust, then relaxes as fluid flows from regions of high pressure to regions of low pressure. The permeability of the rocks controls the rate of relaxation and the flow paths. The simulations of Bosl & Nur (2002) evidence that most of the Landers aftershocks occurred where the Coulomb stress, due to pore fluid diffusion, was increasing. Piombo et al. (2005) investigated how the coseismic stress field may induce flow of pore fluids and can affect the Coulomb stress changes caused by a main shock. They found that, after a shear dislocation, Coulomb stress increases in some regions where the initial Coulomb stress change was negative and, conversely, there are also regions where the Coulomb stress change varies its sign from positive to negative. They concluded that Coulomb stress triggering by pore fluid diffusion can generate aftershocks over distances and widths of about 2.5 and 0.5 fault lengths, respectively.
Other factors that can influence the pattern of the aftershocks and induced earthquakes are dynamic stress change, aseismic slip and viscoelastic relaxation of the litosphere (King & Cocco 2001) . By summarizing, the main aspects emerged from this investigation are as follows.
1. The tomographic images and the spatial aftershock patterns suggest that the Bovec-Krn fault zone is characterized by mechanical heterogeneities and by branching and minor splay faults.
2. The different types of focal mechanisms of the 1998 and 2004 aftershocks can result from the interaction between the stress field induced by the main shock and the variations of strength of rocks revealed by the tomographic images.
3. The static stress changes induced by the 1998 main shock shows a positive correlation with the largest aftershock (M D 4.6), and with a part of the aftershocks. The Coulomb stress changes caused by the 1998 main shock was not sufficient to promote the occurrence of the 2004 sequence. A positive correlation between the static stress changes and the 1998 and 2004 sequences is found when the regional tectonic stress is included in the computation of the total Coulomb stress changes. Therefore, the pattern of the stress field is controlled by the regional stress. caused by a dislocation in a homogeneous half-space without taking into account the mechanical heterogeneities revealed by the tomographic images, that can influence the stress trajectories and the loading states.
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